A study was conducted to determine the effects of supplementing a diet marginally deficient in copper (Cu) with iron (Fe), molybdenum (Mo), or Cu on phagocytic cell function and disease resistance of calves. Thirty-one calves were born to heifers fed a corn silage-based diet containing 4.5 mg of Cu/kg. Treatments consisted of 1 ) control (CON; no supplemental Cu, Fe, or Mo), 2 ) 600 mg of Fe added/ kg (FE), 3 ) 5 mg of Mo added/kg (MO), or 4 ) 10 mg of Cu added/kg of DM (CU). Activity of superoxide dismutase was lower ( P < .06) in neutrophils from MO vs CON or CU calves at 170 d of age. Bactericidal activity of neutrophils from MO calves tended ( P = .15) to be lower compared with those from CU calves at 70 d of age. Calves were inoculated intranasally with live infectious bovine rhinotracheitis virus (IBRV) 2 d after weaning, followed by intratracheal administration of Pasteurella hemolytica 5 d later. Iron-and Cu-supplemented calves exhibited higher ( P < .01) body temperatures and lower ( P < .06) feed intakes following IBRV inoculation compared with CON and MO calves. Copper-supplemented calves had higher levels of plasma tumor necrosis factor (TNF) than MO calves at weaning ( P < .05) and tended to have higher plasma TNF ( P = .11) than FE and MO calves 5 d after IBRV inoculation. These data indicate that dietary levels of Mo and Cu can affect body temperature and feed intake responses to disease by affecting TNF and perhaps other cytokines.
Introduction
Copper deficiency is associated with impairment of a number of metabolic processes, including immune function. Sheep with low Cu status had increased rates of mortality compared with Cu-sufficient sheep under improved pasture conditions (Suttle and Jones, 1986) . Copper deficiency resulted in increased mortality in mice infected with Pasteurella hemolytica (Jones and Suttle, 1983) and in rats infected with Salmonella typhimurium (Newberne et al., 1968) compared with Cu-sufficient animals.
In vitro studies have revealed that Cu deficiency can affect various cells in the immune system. The antimicrobial activity of neutrophils from Cu-deficient calves decreased compared with neutrophils from Cusupplemented calves (Boyne and Arthur, 1981; Jones and Suttle, 1981; Boyne and Arthur, 1986) . The activity of the antioxidant enzyme Cu, Zn-superoxide dismutase ( Cu, Zn-SOD) in neutrophils from cattle (Boyne and Arthur, 1986) and sheep (Jones and Suttle, 1981) and in peritoneal macrophages of rats (Babu and Failla, 1990b ) decreased due to Cu deficiency.
The present study was designed to evaluate neutrophil and macrophage function of calves fed marginally Cu-deficient diets either with or without the Cu antagonists iron or molybdenum from birth to weaning and to evaluate their response to a disease challenge after weaning.
Experimental Procedures
Thirty-eight 2-yr-old heifers (11 Angus, 8 Charolais, and 19 Simmental) entering the last onethird of gestation were assigned by breed and expected calving date to one of four treatments. The experiment Table 1 . Diets were formulated to meet or exceed all nutrient requirements for lactating heifers (NRC, 1984) with the exception of Cu. The CON diet contained 4.5 mg of Cu/kg, .3% S, 1.5 mg of Mo/kg, and 204 mg of Fe/kg DM. Heifers were assigned by treatment and expected calving date to one of eight pens (four or five per pen, two pens per treatment). Heifers were kept in confinement on slatted concrete floors, and calves were allowed access to adjoining outdoor pens via creep gates. Calves were allowed to consume the treatment diets at concrete bunks alongside their dams and continued on the same diets after weaning. Calves were weaned on May 25 at an average age of 184 d (range 161 to 216 d). Average weight of calves at weaning was 180.5 kg. Animal care and preweaning performance are described in detail elsewhere (Gengelbach et al., 1994) . Blood samples from calves were collected via jugular venipuncture at 7 d of age, again at approximately 70 d of age, at weaning, and 7 d after weaning for determination of total and differential leukocyte counts, plasma Cu concentration, and ceruloplasmin activity.
Neutrophil Bactericidal Assay. The ability of isolated peripheral blood polymorphonuclear neutrophils ( PMN) to phagocytose and kill Staphylococcus aureus bacteria was determined when calves were approximately 70 d of age, and again 2 wk before weaning (average age 170 d). Neutrophils were isolated from peripheral blood by the procedure of Carlson and Kaneko (1973) . Briefly, blood (30 mL) was collected via jugular venipuncture using acid citrate dextrose anticoagulant, centrifuged for 15 min at 1,000 × g, and the plasma, buffy coat, and upper one-third of the red cell pellet were discarded. The remaining red cell pellet was resuspended to original volume in PBS, lysed with two volumes of deionized water for 20 s, and restored to isotonicity with one volume of phosphate-buffered 2.7% (wt/vol) NaCl. Cells were washed twice in PBS and resuspended at a concentration of 6 × 10 6 viable cells/mL in HBSS (GIBCO, Grand Island, NY) containing .1% (wt/vol) gel. Cell viability, as determined by trypan blue exclusion, was generally greater than 90%. Cell suspensions from preliminary assays contained a minimum of 80 to 90% PMN. Aliquots of PMN suspensions were stored at −20°C for later analysis of Cu, Zn-SOD activity.
The neutrophil bactericidal assay performed was based on the procedure of Root et al. (1972) as described by Metcalf et al. (1986) . Assay tubes containing .1 mL of a suspension of S. aureus ( 3 × 10 7 colony forming units [cfu]/mL in Brain Heart Infusion [BHI] broth), .3 mL HBSS-gel, and .1 mL of autologous serum were incubated for 15 min at 37°C and 5% CO 2 to opsonize bacteria, followed by a 1-h incubation with .5 mL of the PMN suspension (1:1 target:effector cell ratio) with slow rotation ( 3 rpm) at 37°C and 5% CO 2 . Triplicate tubes were prepared for each animal. Control tubes, in triplicate, contained .8 mL HBSS-gel, .1 mL pooled serum, and .1 mL bacterial suspension. Control tubes were sampled at 0 and 1 h, and experimental tubes were sampled at the end of the 1-h incubation to enumerate viable bacteria. Tenfold serial dilutions of suspensions were spread onto BHI agar plates (100 mL/plate) and colonies were counted following overnight incubation at 37°C. Bactericidal activity (percentage killing) was calculated as follows: 100 × (bacteria in 1-h control tubes − bacteria in 1-h experimental tubes)/bacteria in 1-h control tubes. To determine phagocytosis of bacteria by PMN, experimental tubes were placed on ice immediately following sampling for bactericidal activity and centrifuged (110 × g, 4 min, 4°C ) to pellet PMN and cell-associated bacteria. Supernatants were sampled and plated on BHI agar plates following 10-fold serial dilutions. Phagocytic ability of PMN (percentage of bacteria phagocytosed) was calculated as follows: 100 × (bacteria in 1-h control tubes − bacteria in supernatant)/bacteria in 1-h control tubes.
Alveolar Macrophage Phagocytosis Assay. Alveolar macrophages were obtained by pulmonary lavage of xylazine (Miles Laboratories, Shawnee, KS)-sedated calves (four calves per treatment) using a fiberoptic bronchoscope (Machida V-6-150, Western Serum, Tempe, AZ) when calves were approximately 150 to 160 d old. Cells were collected into sterile .01 M PBS containing 5 mM EDTA and placed on ice immediately. Cell suspensions were washed twice (200 × g, 10 min, 5°C ) in RPMI 1640 (GIBCO, Grand Island, NY) and resuspended at a concentration of 2 × 10 6 cells/mL in RPMI 1640 containing 5% (vol/vol) fetal bovine serum. Aliquots of macrophage suspensions were stored ( −20°C ) for later determination of SOD activity.
Macrophage suspension ( 1 mL) was added to a 35-mm sterile Petri dish containing one 22-mm × 22-mm sterile glass coverslip and incubated at 37°C, 5% CO 2 for 1 h to allow the cells to adhere. Coverslips and dishes were washed three times with warm (37°C ) PBS to remove nonadherent cells. Coverslips were then incubated with a 5% solution of porcine erythrocytes in RPMI 1640 for 30 min at 37°C. Porcine erythrocytes were opsonized by incubation with a subagglutinating volume of bovine antiserum at 37°f or 30 min and washed twice with PBS before use. Following incubation, coverslips were washed with warm PBS and stained (LeukoStat, Fisher Scientific, Orangeburg, NY). Phagocytic ability of macrophages was determined by observing 300 macrophages per coverslip and recording the number of macrophages that had phagocytosed the foreign erythrocytes and the number of erythrocytes that had been engulfed per macrophage.
Respiratory Disease Challenge. Two days after weaning ( d 0 of challenge period), calves were inoculated intranasally with a 1-mL dose of infectious bovine rhinotracheitis virus ( IBRV) containing a mean cell culture infective dose ( CCID 50 ) of 1.68 × 10 8 viral units/mL. On d 5, calves were inoculated intratracheally with 5 mL of a suspension of Pasteurella hemolytica (5.5 × 10 7 cfu/mL). Rectal temperatures were taken daily at 0900 from d −1 through d 9. Calves were separated into three replicate pens per treatment based on weaning weight. Feed intake by pen was measured from d 0 to 14. Blood samples were taken on d −2 (weaning) and d 5 for determination of plasma Cu and tumor necrosis factor ( TNF) concentrations, ceruloplasmin activity, and total and differential leukocyte counts.
Analytical Procedures. Total leukocyte counts were performed using a hemocytometer and differential counts were performed on slides stained using a modified Wright's stain (LeukoStat, Fisher Scientific, Orangeburg, NY). Plasma Cu was analyzed with atomic absorption spectrophotometry (Model 5000, Perkin Elmer, Norwalk, CT) following 1:3 dilution with deionized water. Plasma ceruloplasmin activity was determined by the method of Houchin (1958) and is reported as absorbance units at 525 nm. Copper, Znsuperoxide dismutase activity in PMN and macrophage suspensions was determined with the procedure described by Prohaska et al. (1983) involving the inhibition of pyrogallol autoxidation. One SOD unit is defined as the amount needed to decrease the rate of pyrogallol autoxidation by 50%. Plasma TNF concentration was measured using a double-antibody RIA procedure that used a rabbit antibody (F314) to recombinant bovine TNF-a (Kenison et al., 1990) . Antibody and rBoTNF-a were generously provided by T. Elsasser, USDA, Beltsville, MD.
Statistical Analysis. All data were analyzed with least squares ANOVA using the GLM procedures of SAS (1985) for a completely randomized design, with differences between means determined with the LSD test. The statistical model included the main effects of treatment and breed, with calf age used as a covariate. Rectal temperature data were analyzed as repeated measures with calf(treatment) as the error term for the main effect of treatment. Pen means were used as the experimental unit for feed intake data collected following the disease challenge. Other data were analyzed using animal as the experimental unit.
Results and Discussion
Three of the heifers aborted before the calving season and four calves died at the time of parturition or shortly thereafter. This left seven calves in the CON treatment, eight calves in the FE treatment, nine in the MO treatment, and seven calves in the CU treatment to be sampled at 7 d of age. Two calves in the CON treatment died from causes unrelated to the treatments before the 70-d sampling. Two calves in the MO treatment died from systemic infections on d 201 and 210 of the study (ages 85 and 114 d, respectively), and a third calf in the MO treatment was removed from the study on d 230 due to a severe respiratory infection. This calf recovered following intensive antibiotic therapy and Cu injection (60 mg of Cu as cupric glycinate). Each of these calves had plasma Cu concentrations of .05 mg/mL or less before removal from the study. Because of the high death loss and unthrifty appearance of Mo-supplemented calves, the level of supplemental Mo was reduced to 2.5 mg/kg in the MO treatment on d 211 and remained at that level for the remainder of the trial.
Hematology. Calves fed the Mo-supplemented diet had higher ( P < .05) total leukocyte numbers than Feand Cu-supplemented calves at 7 d of age (Table 2) . This occurred in the absence of any differences in plasma Cu concentration. At 70 d of age the calves fed the CON treatment tended to have higher ( P < .09) leukocyte numbers than Fe-and Cu-supplemented calves. There were no differences in percentages of lymphocytes or neutrophils in the leukocyte populations on either sampling date. Calves in the CON, FE, and MO groups were considered to be Cu-deficient based on plasma Cu concentrations (plasma Cu < .5 mg/mL, Underwood, 1977) by 70 d of age (Table 2 ) and remained deficient throughout the remainder of the study.
Neutrophil Function. There were no differences due to dietary treatment in the ability of neutrophils to phagocytize S. aureus bacteria at either 70 or 170 d of age (Table 3) . This is consistent with earlier studies (Boyne and Arthur, 1981; Jones and Suttle, 1981) in which the ability of isolated bovine neutrophils to ingest yeast cells ( Candida albicans) was not affected by Cu deficiency. There was a trend ( P = .15) for lower bactericidal activity of neutrophils from Mosupplemented and CON calves vs Cu-supplemented calves at 70 d. Microbicidal activity of neutrophils was depressed in cattle (Boyne and Arthur, 1981; Jones and Suttle, 1981) , sheep (Jones and Suttle, 1981) , and rats (Babu and Failla, 1990a) fed Cu-deficient diets compared with animals fed Cu-adequate diets. Similarly, the killing ability of bovine neutrophils was decreased by supplementation with 10 mg of Mo/kg of diet (Xin et al., 1991) or with either 500 mg of Fe or 5 mg of Mo/kg of diet (Boyne and Arthur, 1986) . No differences in bactericidal activity were found at 170 d of age in the present study, possibly because the very low killing percentages observed in this assay prevented the detection of any treatment effects. The activity of neutrophil Cu, Zn-SOD was not affected by treatment at 70 d but was lower ( P < .06) in MO calves vs CON and CU calves at 170 d. Enzyme activity was also lower ( P < .06) in neutrophils from FE calves compared with those from CON calves. In cattle, neutrophil Cu, Zn-SOD has been reported to be depressed by supplementation with Mo (Boyne and Arthur, 1986; Xin et al., 1991) or Fe (Boyne and Arthur, 1986 ) but was not affected by feeding a Cudeficient diet (Boyne and Arthur, 1981) .
Alveolar Macrophage Function.
There were no treatment differences ( P > .20) in either the percentage of macrophages that had phagocytized porcine erythrocytes or in the number of erythrocytes engulfed per phagocytic macrophage (data not shown). Macrophage Cu, Zn-SOD activities (expressed as U/10 6 cells) were .550, .741, .515, and .823 (SEM = .145) for the CON, FE, MO, and CU treatments, respectively. There was a trend for higher SOD activity in alveolar macrophages obtained from CU calves compared with MO and CON calves ( P = .17 and .21, respectively). Babu and Failla (1990b) reported decreased Cu, Zn-SOD activity in peritoneal macrophages from Cudeficient vs Cu-adequate rats.
Respiratory Disease Challenge. Data for change in rectal temperature following IBRV inoculation are presented in Figure 1 . The mean of temperatures on d −1 and 0 was used as the d-0 baseline. There was a significant ( P < .01) rise in body temperature of calves by d 2, with peak temperatures occurring on d 4 and 5. No increase in temperatures was observed following P. hemolytica administration on d 5. Ironand Cu-supplemented calves had higher ( P < .01) temperature responses than CON and MO calves during the challenge period. Mean temperature increases for the 9-d period (°C ) were .49, 1.07, .50, and .96 (SEM = .09) for the CON, FE, MO, and CU treatments, respectively. There was no significant treatment × day interaction ( P = .59).
Average daily feed intake during the challenge period (expressed as kg of DM/d) was higher ( P < .01) for CON calves compared with the FE, MO, and CU calves (4.44, 2.66, 2.96, and 2.96 kg, respectively; SEM = .29). However, when intake was expressed as a percentage of body weight, both the CON and MO Table 3 . Least squares means for phagocytosis and killing of S. aureus bacteria by and Cu,Zn-superoxide dismutase (SOD) activity of neutrophils from calves fed copper-deficient or copper-adequate diets a CON = control; FE = 600 mg supplemental Fe/kg DM; MO = 5 mg supplemental Mo/kg DM; and CU = 10 mg supplemental Cu/kg DM. b,c,d Means in a row without a common superscript letter differ ( P < .06). Figure 1 . Temperature response following respiratory disease challenge of calves fed copper-deficient or copper-adequate diets. Temperatures are expressed as change (°C) from temperatures before challenge (average of d −1 and 0). Treatments: CON = control, FE = 600 mg Fe/kg DM, MO = 5 mg Mo/kg DM, and CU = 10 mg Cu/kg CM.
calves had higher ( P = .05) feed intakes (2.24 and 2.00%, respectively) than the FE and CU calves (1.50 and 1.51%, respectively; SEM = .14), due to the significantly lower body weight for the MO calves at weaning (Gengelbach et al., 1994) .
Copper deficiency has been reported to affect temperature response following disease challenge. Body temperatures of Cu-deficient mice were lower following intraperitoneal injection of P. hemolytica compared with Cu-adequate mice (Jones and Suttle, 1983) . Stabel et al. (1993) reported an increased temperature response for Cu-sufficient vs Cu-deficient calves following aerosol administration of P. hemolytica, although no temperature differences were observed following an earlier inoculation with IBRV.
The immune response is regulated primarily by cytokines, soluble mediators produced by cells of the immune system (Akira et al., 1990) . Interleukin 1 ( IL-1) and TNF are cytokines that are important inducers of fever and anorexia (Klasing, 1988) . In the present study, the CU calves had higher ( P < .05) plasma TNF concentrations before IBRV challenge than calves fed the MO treatment (Table 4 ). All calves had been separated from their dams overnight before blood sampling at weaning ( d −2). There were no differences ( P > .3) in TNF concentrations in plasma samples taken 7 d before weaning (data not shown). On d 5, the CU calves tended to have higher ( P = .11) plasma TNF levels than FE and MO calves. Increased TNF production by the CU vs MO calves could explain the differences in temperature response and feed intake observed between these treatments. Scuderi (1990) reported increased TNF production by human mononuclear leukocytes cultured in increasing concentrations of CuSO 4 .
Calves fed the CU treatment had higher ( P < .01) plasma Cu and ceruloplasmin than calves in the other three treatment groups before and after challenge (Table 4) . Although the CON, FE, and MO calves had similar plasma Cu levels before challenge, the MO calves had lower ( P < .05) plasma Cu on d 5 than CON and FE calves. There were no differences in plasma ceruloplasmin activity among the CON, FE, and MO calves either before or after challenge, and the ceruloplasmin activity of all treatment groups tended to increase after challenge. Increases in plasma Cu and ceruloplasmin are associated with a normal acute-phase immune response induced by IL-1 (Klasing, 1988) . In Cu-deficient rats, ceruloplasmin protein Table 5 . Least squares means for total and differential leukocyte counts from calves fed copper-deficient or copper-adequate diets, measured before and after challenge with infectious bovine rhinotracheitis virus a CON = control; FE = 600 mg supplemental Fe/kg DM; MO = 5 mg supplemental Mo/kg DM; CU = 10 mg supplemental Cu/kg DM.
b,c Means in a row without a common superscript letter differ ( P < .05).
d,e Means in a row without a common superscript letter differ ( P < .06). synthesis was increased by IL-1 injection, but activity of the enzyme was not increased unless Cu was also injected (Barber and Cousins, 1988) . Although total leukocyte counts did not differ among treatments, MO calves had higher ( P < .06) percentages of neutrophils in the leukocyte population than CON and CU calves before challenge and higher ( P < .05) neutrophil percentages than all other treatments after challenge (Table 5) . Similarly, the Mo-supplemented calves had lower ( P < .05) percentages of lymphocytes than CON and CU calves before challenge and lower ( P < .05) lymphocyte percentages than all other treatments after challenge. The higher percentage of neutrophils and lower percentage of lymphocytes in the blood of MO calves before vs after challenge is similar to the leukograms of calves with increased levels of serum corticosteroids, indicative of stress (Paape et al., 1977; Roth et al., 1982) . Glucocorticoids also alter the immune response by suppressing cytokine production (Akira et al., 1990; Grimble, 1992) . Therefore, the differences in plasma TNF and differential leukocyte counts between the MO and CU calves in the present study could possibly be due to increased stress response during weaning for the MO vs CU calves.
The reason for the differences in feed intake and body temperatures in response to the disease challenge between the Fe-and Mo-supplemented calves is unknown. Jones and Suttle (1983) reported a greater decrease in Pasteurella hemolytica LD 50 titers of mice fed thiomolybdates vs mice maintained on Cu-deficient diets even though plasma Cu concentrations and erythrocyte SOD activities were similar between the treatments. It is possible that Mo adversely affects the production or action of enzymes and(or) cytokines not evaluated in this study.
Implications
Calves born to dams fed a high-molybdenum diet seemed to be more susceptible to diseases while nursing their dams than calves from copper-adequate cows or cows fed a high-iron diet. Tumor necrosis factor, a cytokine involved in regulating the immune response, tended to be higher in plasma of copperadequate calves before and after a respiratory disease challenge. All calves recovered from the disease challenge following weaning, but in a less controlled situation the impaired tumor necrosis factor production in copper-deficient calves may have affected the outcome of the disease process by affecting the adaptive immune response.
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